The regulation of synaptic transmission by Ca*+-activated potassium (gKca) channels was investigated at the frog neuromuscular junction (nmj). Charybdotoxin (CTX), a blocker of certain types of gKca channels, induced a twofold increase of transmitter release. Similar results were obtained with purified natural toxin, synthetic toxin, and recombinant toxin. Apamin, a blocker of a different type of gKca channel, did not alter transmitter release. CTX was ineffective after intraterminal Ca2+ buffering was increased by application of the membrane-permeant Ca2+ buffer dimethyl-BAPTA-AM. By itself, the permeant buffer first caused a slight increase in transmitter release before release was eventually decreased.
This increase of release did not occur when the buffer was applied in the presence of CTX or Ba*+, another gKca channel blocker. Stimulus-evoked entry of Ca*+ in nerve terminals, detected with the fluorescent Ca2+ indicator FLUO-3, was increased after blockade of gKca channels by CTX. CTX had no effect on the amount or the time course of synaptic depression.
The results are consistent with the hypothesis that CTX-sensitive gKca channels normally narrow the presynaptic action potential and thus, by indirectly regulating Ca2+ entry, can serve as powerful modulators of evoked transmitter release. In order to affect presynaptic action potentials, the gKca channels must be located close to Ca2+ channels.
The release of neurotransmitter is highly sensitive to Ca*+ entry into the presynaptic nerve terminal (Dodge and Rahamimoff, 1967; Katz and Miledi, 1968; Augustine et al., 1985 Augustine et al., , 1987 Augustine and Charlton, 1986) . One mechanism by which Ca2+ entry can be regulated is by changing the amplitude or the duration of the action potential (AP) in the presynaptic terminal. If the presynaptic AP is prolonged by application of drugs that block voltage-gated K+ channels, more Ca*+ channels are opened for a longer period. The resulting enhancement of Ca*+ entry increases transmitter release (LlinLs et al., 198 1, 1982; Augus-tine, 1990 ). In addition to voltage-gated K+ channels, Ca*+-activated potassium (gKca) channels have also been detected in presynaptic terminals of several synapses (Augustine and Eckert, 1982; Bartschat and Blaustein, 1985; Mallart, 1985; A. J. Anderson et al., 1988; Lindgren and Moore, 1989; Morita and Barrett, 1990; Roberts et al., 1990 ; for general reviews of gKca, see Blatz and Magleby, 1987; Ewald and Levitan, 1987; Latorre et al., 1989; Marty, 1989) . However, despite abundant evidence for their presence in nerve terminals, the role of gKca channels in the regulation of synaptic transmission remains unknown. The present work therefore seeks to examine the role of these channels in synaptic transmission.
Because clustering of Ca2+ channels at release sites (Robitaille et al., 1990; Cohen et al., 1991) permits a large Ca*+ transient in the nerve terminal during synaptic transmission (Simon and Llink, 1985; Augustine et al., 1987; Smith and Augustine, 1988; Roberts et al., 1990; Adler et al., 199 l) , it is possible that presynaptic gKca channels would be activated with consequent reduction of the duration and amplitude of the presynaptic AP (Lindgren and Moore, 1989; Morita and Barrett, 1990) . This mechanism would provide a Ca2+ -dependent constraint on the process of transmitter release by terminating the presynaptic AP and would provide an additional method by which transmitter release is controlled (Morita and Barrett, 1990) . Moreover, gKca channels could also modulate use-dependent changes in synaptic efficacy such as synaptic depression (de1 Castillo and Katz, 1954; Betz, 1970; Kusano and Landau, 1975; Zucker, 1989) that may be associated with Ca2+ accumulation in the nerve terminal and consequent increase in activity of these channels.
Materials and Methods
Experiments were performed at 19 & OYC on the cutaneous pectoris nerv+muscle preparation dissected from Rana pipiens frogs. The normal frog Ringer's solution contained (in rnMj 120 NaCl. 2 KCl. 1 NaHCO;, l.SCaCl,, and 5 HEPES. Thk low-ea2+/high-M&+ physiological solution contained 0.5 mM CaCl, and 3.6 mM MgCl,, with the remaining ions the same as in normal frog Ringer's. The pH of both solutions was adjusted to 7.2. Synaptic transmission was monitored by intracellular recordings in the muscle fiber using glass microelectrodes, and transmitter release was evoked by suprathreshold stimulation of the motor nerve at 0.2 Hz. Responses were averaged in groups of 16 by a computer-based data acquisition system. Transmitter release was assayed by measuring nerve-evoked end-plate potentials (EPP), and spontaneous release, by measuring miniature end-plate potentials (MEPP). For the experiments performed in normal external Ca*+ concentration, muscle contractions were blocked by r-conotoxin GIIIA (25 PM; BACHEM, Torrance, CA). This toxin, from the snail Conus geographus, blocks specifically the voltage-dependent sodium channels of the muscle fibers (Cruz et al., 1985; Gray and Olivera, 1988) . Charybdotoxin (CTX; batch 152 1, Alomone Labs, Jerusalem, Israel), a toxin from the venom of the scorpion Leirus quinquestriatus hebraeus, was used as a blocker of gKca channels with large and intermediate conductances ( Castle et al., 1989) . HPLC performed by the supplier indicated that the toxin was pure at 98%, and only one fraction was present. The toxin we used was shown by the supplier to block outward currents at frog neuromuscular junctions (nmjs) using the perineural sheath recording technicme of A. J. Anderson et al. (1988) . We also used purified natural and svnthetic (Sum et al., 1990) 'CTX from the laboratory of G. J. Kaczdrowski (Merck, Sharp and .Dohme Research Laboratories, Rahwav. NJ) and recombinant CTX from Natural Products Inc. (Salt Lake City, UT). Apamin (Research Biochemicals Inc., Natick, MA), a toxin from the honey bee (Apis mellzjku), was used as a blocker of the smallconductance gKca channels (Castle et al., 1989) . The purity of the toxin was also confirmed by the supplier to be more than 98.5% pure, and an HPLC analysis revealed the presence of only one fraction. Stock solution of 3,4-diaminopyridine (3,4DAP) (Sigma) was prepared in distilled water and used at a concentration of 1 PM in physiological saline.
Stock solution (5 mr.r) of the CaZ+ chelator 5,5'-dimethyl-1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid acetoxymethyl ester (DMBAPTA-AM: Molecular Probes. Eugene, OR) was prepared in dimethvl sulfoxide iDMS0) and was used-in saline'at concentrations of 10 or 25 PM. Four ester'groups attached to the Ca*+ binding site of DMBAPTA confer membrane nermeabilitv to DMBAPTA-AM. Once inside the cell. the esters are removed by e&erases, and the active form of DMBAPTA (tetra-anionic form) is then trapped inside the cell and acts as an intracellular Ca*+ buffer. DMBAPTA-AM bv itself does not bind Ca2+ and therefore does not alter extracellular Ca2; (Tsien, 198 1) . Stock solution (5 mM) of the membrane-permeant form of the pH indicator 2',7'-bis-(2-carboxyethyl)-5(and-6)-carboxyfluorescein (BCECF-AM) was prepared in DMSO and was used in saline at a concentration of 25 PM. Both control and experimental solutions used for the Ca2+ buffer and BCECF-AM experiments contained 1% v/v DMSO.
Synaptic depression was studied in normal extracellular Ca2+ concentration after muscle contraction was blocked with w-conotoxin GIIIA (25 PM), and depression was induced by a train of stimuli at 40 Hz for 20 set or at 100 Hz for 10 sec.
In the intracellular electrophysiological experiments reported here, transmitter release was continuously monitored by recording EPPs in the same muscle fiber before and during the application of the Ca2+ buffer, toxins, Ba*+, or high-frequency stimulation. Most of the experiments were performed with flowing saline (2 ml/min), and a few were performed in a static bath.
For imaging Ca*+ entry in the nerve terminals, frog nmjs were loaded with the membrane-permeant form of the fluorescent Ca2+ indicator FLUO-3 (Molecular Probes; Tsien, 1989) , which increases fluorescence with Ca2+. Solutions of FLUO-3-AM (10 PM) were prepared in normal frog Ringer's solution containing a final concentration of 1% v/v of DMSO and 0.02% pluronic acid (Molecular Probes), a detergent that facilitates the indicator loading. Muscles were incubated for 60-75 min at room temperature (18-20°C). Heavy metals were partially chelated with tetrakis (2-pyridylmethyl)ethylenediamine (TPEN; 20 PM; Molecular Probes; Arslan et al., 1985) added to the saline. Changes of fluorescence intensity were observed with a BioRad 600 confocal microscope (Shotton, 1989 ) using a 40 x (0.55 NA) Nikon or a 50 x (1 .O NA) Leitz water-immersion objective. The 488 nm excitation line of the laser was attenuated to 1% of the maximum power, and emission was detected through a low-pass emission filter with cutoff at 5 15 nm. The experiments were performed in normal extracellular Caz+ concentration, and muscle contractions were prevented by blocking the cholinergic receptors with cu-bungarotoxin (10 &ml; Molecular Probes). An image (average of four consecutive images) was taken before and 1 set after the beginning of the stimulation (200 Hz). The fluorescence intensity (fl was averaged over the area of several branches of each nerve terminal, and the fluorescence change induced bv the stimulation was expressed as , AFIF = (Fstmu~atmn -FrestYF~e,,. Under some conditions, perisynaptic Schwann cells at the nmj (see Fig.  4E ) can accumulate FLUO-3, but this was not observed in the experiments reported here.
All values are expressed as mean + standard error of the mean, and n represents the number of experiments performed.
Results
We investigated the role of gKca channels at frog nmjs, where synaptic transmission is well studied and where the presence of gKca channels has been established (David and Yaari, 1986 ; A. J. Anderson et al., 1988) . Our strategy was to employ pharmacological blockers of gKca channels and additionally to prevent the activation of gKca channels by increasing intracellular Ca2+ buffering. We assayed the effects of these treatments on transmitter release by measuring nerve-evoked EPPs and spontaneous MEPPs.
CTX increases transmitter release
If the nerve terminal does have gKca currents that limit the duration of the AP, then a blocker of these channels should cause transmitter release to increase due to broadening of the AP. CTX was used as a specific blocker of gKca channels with large and intermediate conductances (Castle and Strong, 1986; Smith et al., 1986 ; C. S. Anderson et al., 1988; Gimenez-Gallego et al., 1988; MacKinnon and Miller, 1988; Castle et al., 1989; Massefski et al., 1990) . CTX has been shown to induce AP broadening in mammalian hippocampal cells (Lancaster and Nicoll, 1987; Storm, 1987a) , in bullfrog ganglion neurons (Goh and Pennefather, 1987) , and in lizard motor nerve terminals (Morita and Barrett, 1990) . CTX induced a significant increase of transmitter release (Student's t test, p < 0.05) in every experiment, and Figure 1 illustrates a typical experiment. We found that the application of 2-10 nM CTX on the frog nmj induced an average increase of transmitter release of 163.6 + 58.7%
(mean f SE, n = 5) when measured in low-Ca2+/high-Mg*+ physiological solution (Fig. lA,B) . The increase was persistent The Journal of Neuroscience, January 1992, 12(l) 299 in the presence of CTX but reversed completely within 1 O-l 5 min when the toxin was removed (Fig. 1A) . Similar effects on transmitter release were obtained with synthetic or recombinant CTX. In order to assess the relevance of these results to transmitter release under normal physiological conditions, we next asked whether CTX would increase transmitter release in normal Ca2+ saline. In normal saline, EPPs are large enough to trigger a muscle AP and consequent contractions. To prevent muscle contractions, we applied p-conotoxin GIIIA (25 KM), which blocks muscle but not nerve Na+ channels (Cruz et al., 1985; Gray and Olivera, 1988) . Similar results were obtained with 2 or 10 nM CTX, so the results of these experiments were pooled. Under these conditions, large EPPs (17.22 f 3.04 mV, n = 7) could be recorded that were increased 113.48 f 25% (n = 7; Student's t test, p < 0.05) by the application of CTX (2 or 10 nM). This indicates that gKca channels modulate synaptic transmission in the normal ionic environment (Fig. 1 CD) .
If CTX had caused a tonic depolarization of the presynaptic terminal, the frequency of MEPPs would have increased due to opening of voltage-gated Ca*+ channels. In addition, if CTX had affected postsynaptic mechanisms, MEPP amplitude would have changed. In four of the experiments in normal Ca2+, all of which showed increased EPP amplitude with CTX, the average MEPP frequency was 1.34 + 0.25 Hz before CTX and 1.23 * 0.24 Hz after CTX (10 nM). In the same four experiments, MEPP amplitude was, on average, 690 + 60 PV before and 760 f 63 PV after CTX. We did not measure MEPPs in the remaining experiments. In no single experiment was there a significant difference in MEPP amplitude or frequency between control and CTX saline (Student's t test, p > 0.05). Thus, we conclude that the main effect of CTX is on presynaptic mechanisms that govern evoked release of transmitter.
Aparnin does not affect transmitter release
To determine whether other types of gKca channels could also regulate transmitter release, we applied the toxin apamin, which is a specific blocker of the small-conductance gKca channels (Castle et al., 1989) . In low-Ca2+/high-Mg2+ saline, apamin (50 nM; n = 4) did not affect transmitter release, MEPP frequency, or MEPP amplitude (data not shown), although this concentration is known to block the small-conductance gKca channels (Castle et al., 1989) . Intracellular Ca2+ buffers block the efect of CTX If CTX acts specifically on gKca channels, its effects on transmitter release should be reduced if the presynaptic Ca2+ transient is attenuated by an intracellular Ca2+ buffer because less Ca*+ would be available to activate the channels. We tested this hypothesis by applying CTX after a Ca2+ buffer had been loaded into the nmjs.
Transmitter release was recorded in low-Ca2+/high-Mg2+ physiological solution, and frog nmjs were loaded with a membrane-permeant Ca2+ buffer (DMBAPTA-AM) that does not alter extracellular Ca2+ (see Materials and Methods; Tsien, 198 1) . In each of 15 experiments, DMBAPTA-AM (lo-25 MM) caused a significant reduction in transmitter release (44.2 f 3.1%; Student's t test, p < 0.05; Fig. 2 ). This is consistent with the known effects of CaZ+ buffers on transmitter release (Adler et al., 199 1) . Cleavage of the AM group from the Ca2+ chelator may induce changes in intracellular pH and produce formaldehyde residues (Tsien, 1981; Garcia-Sancho, 1985; Rhoda et al., 1985) . If the reduction of transmitter release is secondary to the cleavage of the ester groups, the same effect on release should be obtained using a molecule that does not bind Ca2+. We tested this possibility by loading the frog nmjs with the membrane-permeant form of the pH indicator BCECF-AM, which has no affinity for Ca2+ (Rink et al., 1982) . In four experiments performed in lowCa2+lhigh-Mg*+ saline, BCECF-AM (25 PM) did not affect the amount of evoked transmitter release or the size or frequency of MEPPs (data not shown). The reduction of release by the Ca2+ buffer is therefore caused by its Ca*+-binding activity.
In five experiments performed in low-Ca*+/high-Mg2+ saline, CTX (2-10 nM) did not induce any increase in transmitter release when applied after the Ca2+ chelator had its maximal effects on release ( Fig. 2A,B) . In separate experiments, we found that the ability of CTX to increase release was not diminished by the presence ofthe 1% DMSO used in the buffer experiments. The failure of CTX to increase release in the presence of intracellular Ca2+ buffer indicates that the CTX effects are due solely to its interactions with channels activated by Ca2+. If the main effect of CTX is to block voltage-gated K+ channels (Schweitz et al., 1989) it should still have induced spike broadening and increased transmitter release in the presence of an intracellular Ca*+ buffer because the activation of these channels is not Ca2+ dependent. To determine if any K+ channel blocker could work in the presence of the Ca 2+ buffer, we applied 3,4DAP, a type of drug that blocks voltage-gated K+ channels (Kirsch and Narahashi, 1978) and that causes presynaptic AP broadening in the squid giant synapse (Augustine, 1990) . Indeed, a small concentration (1 PM) of 3,4DAP induced a twofold increase of transmitter release when applied either before or after loading with the Ca2+ buffer (Fig. 2C, n = 3) . Thus, as in the squid giant synapse (Adler et al., 199 l) , the presence of the Ca*+ buffer does not prevent blockade of voltage-gated K+ channels, and any effect of CTX on these channels should still have been evident in the presence of the buffer. We therefore conclude that the main effect of CTX is not on voltage-gated K+ channels.
Intracellular Ca'+ buffers temporarily increase transmitter release While application of intracellular Ca*+ buffer eventually reduced transmitter release, the first noticeable effect was, paradoxically, a transient increase of release by 26.8 + 6.3% (n = 15) that always occurred within 5-10 min (asterisks, Figs. 2A,B; 3A) .
We wondered whether the early increase in neurotransmitter release caused by the buffer was another indication that the buffer prevented the activation of gKca channels by attenuating the Ca*+ transient. This reduction in gKca channel opening would result in broadening of the presynaptic AP, which in turn would cause a larger entry of CaZ+ in the synapse. In this scenario, the increase of transmitter release would only be temporary because the concentration of Ca2+ chelator inside the nerve terminal would continue to increase and eventually would compete for CaZ+, with the Ca2+ binding sites responsible for transmitter release.
If this hypothesis is correct, the buffer-induced increase in transmitter release should not occur if the buffer were applied after blockade of gKca channels. The results of two experiments designed to test this possibility are illustrated in Figure 3 , B and C. We found, as predicted, that DMBAPTA-AM (25 FM) applied after 2 nM CTX did not induce the early increase of transmitter release (n = 5; Fig. 3B ). The Ca2+ buffer induced a significant decrease of release (46.0 -t 2.6%; Student's t test, p < O.OS), (usterish) followed by a reduction in release. CTX (2 or 5 nM) was then applied (broken bar), and no increase in transmitter release could be detected. Similar results were obtained in five preparations. C, A blocker of voltage-gated K+ channels, 3,4DAP, increases transmitter release similar to that found in the absence of gKca channel blockade. The early increase was also blocked when the frog nmjs were loaded with DMBAPTA-AM (25 MM) in the presence of 2 mM Ba*+, a gKca channel blocker that can permeate Ca*+ channels (Mallart, 1985; Castle et al., 1989; Latorre et al., 1989) . The decrease of release induced by the buffer still occurred in these conditions (n = 4; Fig. 3C ). The blockade of the buffer-induced increase in transmitter release by CTX and BaZ+ therefore indicates that the increase is due to prevention, by the buffer, of gKca channel activation. Concentrations of Ba*+ lower than 2 mM (0.2-l .5 mM) were inefficient in blocking the early increase but still increased MEPP frequency and quanta1 content and caused depolarization of the muscle fibers (Silinsky, 1978) .
CTX increases Ca2+ entry during nerve stimulation
The increase in transmitter release after blockade of gKca may be caused by increased entry of Ca*+ induced by broadening of the presynaptic AP. We tested this hypothesis by imaging Ca2+ entry in the nerve terminal using the fluorescent, membraneper-meant Ca2+ indicator FLUO-3-AM (Tsien, 1989) . The fluorescence was monitored using a BioRad 600 confocal microscope, and data are presented as false color images. A typical frog nmj with branching threadlike structure several hundred microns long is shown in Figure 4 . Pixel intensities are coded so that the higher fluorescence intensities and hence higher Ca2+ activities are red and the lower ones are blue. Figure 4A In the absence of CTX, the typical increase in fluorescence intensity @F/F) during nerve stimulation was 123 f 30% (n = 3). These stimulus-dependent fluorescence increases ceased when Ca2+ was removed from the saline or when the Ca*+ channel blockers Cd2+ (10 PM) or w-conotoxin GVIA (1 PM; Kerr and Yoshikami, 1984) were applied. This indicates that the fluorescence signals are due to stimulus-dependent influx of CaZ+ into the presynaptic terminal. Figure 4 , C and D, shows that, after application of CTX (10 nM), stimulus-dependent Ca*+ entry was increased. In three experiments, we did not detect any changes in the resting level of fluorescence after CTX (compare Fig. 4A,C' ), but the average Ca *+ signal following nerve stimulation was increased by 44 f 6% @F/F = 178 + 33%; Student's t test, p < 0.05). Because FLUO-3 must also act as a Cal+ buffer, the effectiveness of CTX in the presence of this indicator may appear to contradict our earlier observation (Fig. 2) that CTX is ineffective in the presence of DMBAPTA. However, it must be remembered that the FLUO-3 experiments were performed in normal Ca*+ saline, where Ca2+ buffers have little effect (R. Robitaille and M. P. Charlton, unpublished observations) and that the affinity of FLUO-3 for Ca2+ is about l/10 that of DMBAPTA. Thus, under normal Ca2+ conditions, FLUO-3 may not have been able to prevent activation of gKca. To test this hypothesis, we applied FLUO-3-AM (10 PM) in the presence of p-conotoxin GIIIA in normal Ca*+ saline and measured transmitter release with extracellular multiunit recordings (Mallart and Martin, 1967; Magleby, 1973) . In three experiments, FLUO-3-AM did not cause an increase or a decrease in release. In one experiment, CTX was applied after loading with FLUO-3-AM and caused an increase in release. In each experiment the loading of the NMJs was confirmed using the confocal microscope. Thus, while performing its function as an indicator, FLUO-3 did not alter Ca2+ dynamics to the extent that evoked release or gKca was affected. While difficulties in calibrating large, rapidly changing Ca2+ signals with FLUO-3 preclude a rigorous quantitative assessment at this time, we conclude that the increase in transmitter release after blockade of gKca channels by CTX is caused by a larger entry of Ca2+.
CTX does not alter synaptic depression
The roles of gKca channels in the regulation of synaptic depression were also investigated since this phenomenon may be associated with intracellular accumulation of CaZ+ during repetitive synaptic activity (de1 Castillo and Katz, 1954; Betz, 1970; Kusano and Landau, 1975; Zucker, 1989) . Buildup of Ca2+ due to repetitive nerve activity ( Fig. 4 ; see also Miledi and Parker, 1981; Charlton et al., 1982; Ross et al., 1986) could activate the gKca channels, which then would reduce the duration of the AP and therefore limit the entry of Ca*+. This progressive spike narrowing would result in a reduction in transmitter release and cause depression. We hypothesize that if synaptic depression is due in part to activation of gKca channels, the blockade of these channels would reduce depression or delay its appearance. Thus, pharmacological blockade of gKca channels would result in a more sustained release during repetitive stimulation. In five experiments in normal extracellular Ca*+, a train of stimuli at 40 Hz for 20 set induced a 51.3 + 5.46% depression in EPP amplitude relative to the EPP amplitude before high-frequency stimulation. The amount and time course of depression are reproducible at the same nmj. The recovery of release was complete within 10 min after the end of the train. CTX was then applied and allowed to equilibrate, and depression was tested again (i.e., about 40-45 min after the control train of stimuli). After blockade of gKca channels with CTX (2 or 10 nM), the amount of depression after the train of stimuli was 55.4 + 2.56% (n = 5; same five nmjs as used for control) and was not significantly different from controls (p > 0.05, Student's t test). In addition, in any given synapse, the development of depression during stimulation followed a similar time course before and after application of CTX (Fig. 5A) . Similar results were obtained using stimulus trains of higher frequency (100 Hz for 10 set), which produce greater Ca2+ entry than the lower-frequency trains (Robitaille and Charlton, unpublished observations using FLUO-3 as described above). The amount of depression, with this paradigm, was the same before and after application of CTX (n = 3; 82.5% before and 84.2% after; p > 0.05, Student's t test; different preparations than used for 40 Hz trains), and there was also little difference in the time course of the development of synaptic depression (Fig. 5B) . Because de- pression was not affected by CTX, we conclude that gKca channels are not major regulators of synaptic depression.
Before depression was evident with 40 Hz stimulation, there was a facilitation of EPPs of about 40% (Fig. 54) . Since the amount of this facilitation was not affected by CTX, it seems that facilitation is not regulated by the gKca channels.
Discussion
This article describes the physrological roles of CTX-sensitive but apamin-insensitive gKca channels at the presynaptic terminal of frog neuromuscular synapses, where these channels help regulate the release of neurotransmitter.
We propose that gKca channels normally induce spike narrowing and that their blockade results in broadening of the presynaptic AP, inducing a larger Ca2+ entry in the nerve terminal and thus increasing transmitter release.
Can gKca channels in presynaptic terminal regulate APs? The presence of gKca currents in presynaptic terminals of frog (David and Yaari, 1986; A. J. Anderson et al., 1988) , lizard (Lindgren and Moore, 1989) , and mouse (Mallart, 1985; A. J. Anderson et al., 1988) nmjs was established using extracellular recording of terminal currents. In all of these experiments, voltage-dependent Na+ and K+ channels were blocked and gKca currents were identified using gKca channel blockers. For instance, CTX blocked Ca2+-dependent outward currents at frog nerve terminals (A. J. Anderson et al., 1988) and experiments reported by the supplier of our purified CTX (Alomone Labs) showed that the batch used in our experiments also blocked gKca currents at frog nmjs. Blockade of outward currents should result in AP broadening. Indeed, using intracellular recording at the lizard nerve terminal axon, Morita and Barrett (1990) showed that CTX induced broadening of the presynaptic AP. Whether APs are regulated by gKca channels depends on the relative amplitude and kinetics of the current these channels produce in comparison to the current produced by the voltagedependent K+ channels. For instance, blockade of gKca by extracellular tetraethylammonium at the squid giant synapse does not alter the duration of the presynaptic AP (Augustine and Eckert, 1982) . Morita and Barrett (1990) also showed that injection of BAP-TA into the presynaptic terminal of lizard nmjs caused spike broadening. BAPTA also causes spike broadening in CA1 pyramidal neurons of the rat hippocampus (Lancaster and Nicoll, 1987; Storm, 1987b) . In rat hippocampus dentate granule neurons, both BAPTA-AM or the direct injection of the salt form of BAPTA were shown to block postspike slow afterhyperpolarization and spike frequency adaptation, both of which are known to be caused by gKca currents (Niesen et al., 199 1) . Thus, the application of the permeant buffers can serve as an effective substitute for direct injection of the salt form in blocking gKca and therefore could be expected to have caused spike broadening in the nmj.
Although gKca channels are present at many synapses, the presynaptic AP may not always be sensitive to Ca*+ buffers. For instance, intracellular injection of the salt form of the buffer or application of the membrane-permeant form of Ca*+ buffers did not alter the amplitude and duration of the presynaptic AP of squid presynaptic terminal (Adler et al., 199 1) or crayfish preterminal axon branch (Charlton and Iwanchyshyn, 1986 ) even though there is evidence for the presence of gKca channels at these synapses (Augustine and Eckert, 1982; Sivaramakrishnan et al., in press ). gKca channels can regulate transmitter release In the studies on vertebrate nmjs discussed above, synaptic transmission could not be measured because the ACh receptors were blocked with curare so that the postsynaptic currents would not interfere with the detection of the presynaptic events.
In our experiments, CTX applied in normal Ca2+ saline, with no other drugs, increased transmitter release twofold. In an earlier attempt to study the role of gKca channels in synaptic transmission, A. J. Anderson et al. (1988) showed that CTX had no effect on transmitter release at frog and mouse nmjs unless voltage-gated K+ channels were blocked by 3,4DAP, and then only a small, temporary, increase of release was induced by CTX. The differences between their results and the present data are not understood, but in any case, they did not find an effect of their toxin fractions on release in the absence of other drugs as we did.
We observed that the application of the permeant chelator DMBAPTA-AM caused a temporary increase in transmitter release. A similar early increase of synaptic responses was observed in some rat hippocampal dentate granule neurons when the membrane-pet-meant form of BAPTA was applied and the perforant pathway stimulated (Niesen et al., 199 1) . These early increases may indicate that the buffer caused temporary AP broadening in the presynaptic terminal. gKca channels have also been described in the squid giant synapse, where they do not regulate release (Augustine and Eckert, 1982) in the active zones of hair cells (Roberts et al., 1990) and in mammalian brain synaptosomes (Bartschat and Blaustein, 1985) .
gKca channels regulate Ca2+ entry The electrophysiological experiments indicate that blockade of gKca channels increases transmitter release, and we infer from the work of others that this is due to broadening of the presynaptic AP. The optophysiological experiments, using an intraterminal Ca2+ indicator, show that stimulus-dependent Ca*+ (Jackson et al., 1991) . Because CTX did not increase MEPP frequency or the resting Ca2+ signal at the nmj, it is unlikely that the toxin affects Ca2+ channels or pumps.
and Iles, 1979, for a discussion of ion concentration changes in the synaptic cleft). Therefore, our data reveal yet another role of gKca channels in addition to the ones already known in the CNS, such as the regulation of nerve cell excitability (Marty, 1989) . As pointed out by Morita and Barrett (1990) , the activation of gKca channels during normal activity may help prevent the occurrence of repetitive nerve terminal discharge. At synapses where I,,, is large enough to regulate the AP, transmitter release will be influenced by the various factors that modulate these currents such as the number of gKca channels, their distribution relative to the Ca2+ channels and the release. apparatus, and finally, their phosphorylation state (de Payer et al., 1982; Kaczmarek, 1988) . gKca channels are close to Ca2+ channels and Nicoll, 1987; Roberts et al., 1990) . The clusters of Ca2+
In order to affect the AP, the gKca channels must be activated channels at active zones (Roberts et al., 1990; Robitaille et al., within the 1 msec duration of the AP (Morita and Barrett, 1990) .
Because Ca2+ diffuses slowly in cytoplasm (Hodgkin and Keynes, 1957; Gorman and Thomas, 1980; Nasi and Tillotson, 1985; Chang, 1986) , the gKca channels must be located close to the Ca2+ channels in order to be activated within 1 msec (Lancaster Anderson CS, MacKinnon R, Smith C, Miller C (1988) Charybdotoxin it is possible that both gKca channels and Ca2+ channels are located in the double rows of particles at the active zones seen in freeze-fracture preparations of the frog nmj (Dreyer et al., 1973) . However, proof of the exact location of gKca channels at active zones of frog nmjs must await direct visualization with labeled ligands. Intracellular Ca2+ buffer increased transmitter release apparently by preventing the activation of gKca channels. It appears, then, that gKca channels are more affected by lower buffer concentration than is transmitter release. We speculate that this may indicate that these channels are more distant from Ca2+ channels than are the Ca2+ receptors that trigger release. Alternatively, the gKca channels may require higher Ca2+ levels for activation and may have different binding rates than do the release trigger receptors (Niesen et al., 1991) . In any case, Ca*+ buffers may be useful tools for separating Cal+-stimulated cell activities.
Depression is not regulated by gKca channels While we cannot rule out possible interactions between CTX effects on AP broadening and EPP amplitude dependence of depression (Zucker, 1989) , we note that CTX did not affect the time course of depression. The failure of CTX to affect synaptic depression indicates that gKca channels are not major regulators of this phenomenon. One possible interpretation of these results is that gKca channels are already fully activated by the intense CaZ+ transient caused by a single presynaptic AP and therefore a further increase in Ca*+ concentration due to residual Ca*+ does not modify their activity.
Summary gKca channels in these presynaptic terminals can regulate phasic synaptic transmission by controlling the duration of the presynaptic AP, and hence these channels help regulate Ca2+ entry in the nerve terminal. We speculate that this mechanism could function as a negative feedback system that stabilizes Ca2+ entry if the concentration in the synaptic cleft is altered (see Attwell
